Introduction:
Quorum sensing (QS) coordinates the production of virulence factors and social behaviour in unicellular bacteria (Von Bodman et al., 2003; Waters and Bassler, 2005) . Xanthomonas and Xyllela are two important group of plant pathogens, which share similar signaling molecule known as diffusible signaling factor (DSF).
DSF is a fatty acid signaling molecule synthesized by rpfF gene, which encodes a DSF synthase, an enzyme belonging to enoyl-coA hydratase family of proteins (Cheng et al., 2010; Deng et al., 2011) . RpfF protein is a synthase having both dehydratase and thioesterase activities (Bi et al., 2012) . Numerous studies have indicated that DSF plays a pivotal role in virulence of not only several important members of genus Xanthomonas and Xyllela, but also various animal pathogens including Bulkholderia cenocepacia and Strenotrophomonas maltophilia (Barber et al., 1997; Chatterjee and Sonti, 2002; Newman et al., 2004; Wang et al., 2004) .
X. oryzae pv. oryzae, an important member of genus Xanthomonas causes a serious disease of rice known as bacterial leaf blight (BLB) (Shen and Ronald, 2002) .
Several virulence traits have been identified in these bacteria, which contribute towards their successful establishment inside host and proper disease development, such as extracellular polysaccharide (EPS), adhesins, different secretion systems and their effectors, and a signaling molecule known as DSF (Chatterjee and Sonti, 2002; Das et al., 2009; Ray et al., 2000 Ray et al., , 2002 Shen and Ronald, 2002) . Previous studies have reported that DSF deficient mutant of X. oryzae pv. oryzae are proficient in EPS and extracellular enzyme production but are defective in iron uptake (Chatterjee and Sonti, 2002) . In contrast, DSF deficient X. campestris pv. campestris, (a pathogen of crucifers) mutants are deficient for production of EPS and extracellular enzymes (Barber et al., 1997; Slater et al., 2000) . In addition, DSF assists in spreading of X.
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Xanthomonas oryzae pv. oryzae 93 campestris pv. campestris by promoting biofilm dispersal (Dow, 2008; Dow et al., 2003) . Conversely, in Xyllela fastidiosa, a close relative of genus Xanthomonas, DSF positively regulates EPS production, adhesins, and in turn promotes biofilm formation (Chatterjee et al., 2008a (Chatterjee et al., , 2008b . Recently, Xyllela RpfF protein has been characterized and reported to be a mutifunctional protein, which is involved in both synthesis and perception of DSF (Ionescu et al., 2013) . These findings indicate that DSF can regulate virulence-associated traits in completely contrasting fashion, in closely related bacteria based on their infection to different hosts. To gain further insights into DSF regulated traits of X. oryzae pv. oryzae, and its implication in bacterial pathogenesis, here, we performed genome wide expression analysis and characterized the functions of genes. Our results indicate that in X. oryzae pv. oryzae, DSF promotes the attachment related functions, and supresses the motility and chemotaxis related functions, and thus coordinates transition from solitary to biofilm lifestyle. However, in X. campestris pv. campestris, DSF positively regulates motility related genes and inhibit biofilm formation, which results in transition from biofilm to solitary lifestyle (Dow et al., 2003) . In X. oryzae pv. oryzae, DSF also supresses production of several type II effectors (Jha et al., 2007b; Ray et al., 2000) . This differential DSF response may be an adaptive strategy of Xanthomonas pathogens to cope up with varying niches in different hosts (crucifers vs rice) as well as different disease pattern.
Results:
3.2.1 Genome wide expression analysis of DSF regulated genes in X. oryzae pv.
oryzae
To understand the DSF-regulated virulence-associated traits in X. oryzae pv.
oryzae, we performed global gene expression analysis with Xoo wild-type strain and replication and cell wall biogenesis, ii) stress response, iii) energy and metabolism, iv) iron uptake, v) membrane proteins and transporters, vi) small nucleotide-binding regulators (proteins containig GGDEF/EAL domain), vii) two-component system and regulators, viii) chemotaxis, ix) attachment, x) motility, xi) type II effectors, and xii) hypothetical proteins ( Fig. 3.1) . Importantly, expression analysis in X. oryzae pv.
oryzae strains revealed that majority of the genes related to EPS synthesis and adhesins are supressed in DSF deficient mutant, which implies that DSF positively regulates attachment and biofilm formation in Xoo ( Fig.3.1 ; Table 3 .1). However, DSF negatively regulates expression of the genes involved in production of type II effectors (hydrolytic enzymes), motility, and chemotaxis related functions ( Fig.3 .1;
Atypical regulation of virulence-associated functions by a Diffusible Signal Factor in Xanthomonas oryzae pv. oryzae , 1997) . In accord with that, our microarray expression analysis also specified a 1.5
to 2 fold higher expression of these type II effectors in the DSF-deficient rpfF mutant compared to wild-type strain ( However, maximum activities of these extracellular enzymes were observed under minimal media conditions for each of the three strains, nevertheless production was always higher in rpfF mutant (Fig. 3. 3 A, B, C). In addition, extracellular enzyme produced by different strains of X. oryzae pv. oryzae on specific media plates with respective substrates also revealed higher production of several hydrolytic enzymes, such as cellulase, lipase and xylanase, in rpfF mutant compared to wild-type strain 
DSF supresses motility and chemotaxis in X. oryzae pv. oryzae
From the expression analysis, we deciphered that majority of the DSFregulated genes were involved in flagella-driven motility, hence we further studied the motility of X. oryzae pv. oryzae strains through swim plate assays. DSF deficient rpfF mutant exhibited hypermotile phenotype (two-fold bigger motility zone) on swim plate compared to its wild-type counterpart (Fig. 3.5 A & B) . The hypermotile phenotype of the rpfF mutant could be suppressed by expressing the wild-type rpfF allele through plasmid CG8 (Fig. 3.5 A & B) . However, hypermotile phenotype Atypical regulation of virulence-associated functions by a Diffusible Signal Factor in Xanthomonas oryzae pv. oryzae exhibited by rpfF mutant was completely inhibited in rpfF-fliC and rpfF-motA double mutant background, and was equivalent to the motility exhibited by fliC and motA single mutant of X. oryzae pv. oryzae (Fig. 3.5 A & B) . This data indicates that DSF suppresses flagellar driven motility in X. oryzae pv. oryzae.
Likewise, western blot analysis with anti-flagellin antibody revealed overproduction of flagellin (FliC) by two fold in rpfF mutant compared with either wild-type strain or rpfF mutant harbouring complementing plasmid (Rai et al., 2012) .
Notably, rpfF mutant also displayed altered expression of several chemotaxis genes, such as those involved in sensing as well as many methyl-accepting chemotaxis (MCP) proteins ( oryzae exhibited reduced biofilm formation on polystyrene culture plates when visualized through crystal violet staining (Fig. 3.6 B) . Additionally, down regulation of EPS biosynthesis genes in rpfF mutant background compared to the wild-type strain, further led us to quantitate the EPS production in different X. oryzae pv.
oryzae strains ( Fig. 3.1 ; Table 3 .1). rpfF mutant displayed reduced EPS production compared to wild-type strain after 24 and 48 h of growth (Rai et al., 2012) .
Atypical regulation of virulence-associated functions by a Diffusible Signal Factor in Xanthomonas oryzae pv. oryzae Representative picture of cell aggregation phenotype of different X. oryzae pv. oryzae strains. Saturated cultures of different strains of X. oryzae pv. oryzae were grown in PS medium, and the tubes were kept at room temperature for two hours for the observation of aggregation phenotype. rpfF mutants of X. oryzae pv. oryzae exhibit dispersed phenotype compared to wild-type strain (WT) and the rpfF/CG8 strains, which exhibit aggregated phenotype. B) Representative picture of biofilm formation by different strains of X. oryzae pv. oryzae in the static biofilm after 48 h of growth and stained with 0.1% Crystal Violet.
Secretion of extracellular enzyme by rpfF mutant is T2SS independent
DSF deficient rpfF mutants of X. oryzae pv. oryzae are proficient in production of extracellular hydrolytic enzymes. To check whether DSF is playing a part in regulating the secretion of these hydrolytic enzymes along with its production, we generated rpfF mutation in T2SS (xpsF) mutant background (Ray et al., 2000) ( Fig. 3.7 A) . DSF production in these strains of X. oryzae pv. oryzae was examined by using Xcc DSF biosensor strain (8523/KLN55), which carries gfp cassette fused to the DSF responsive promoter (P eng ::gfp), and responds to exogenous DSF signal (Newman et al., 2004) . To detect DSF produced by different strains of Xoo, the Xcc DSF biosensor strain was grown in the presence of ethyl acetate extracts isolated (Fig. 3.7 B) . Furthermore, biochemical assay for extracellular hydrolytic enzymes produced by these strains revealed that single xpsF mutant secretes negligible amount of cellulases and lipases in extracellular milieu ( Fig. 3.8 A, B, C). However, mutation of rpfF gene in xpsF mutant background resulted in a significant increase in the secretion of extracellular enzymes detected by both plate assays as well as liquid assays for cellulases and lipases ( Fig. 3.8 A 
, B, C, D, E, F).
Interestingly, upon complementation of xpsF rpfF double mutant by expressing rpfF gene in trans, it reverted back and behaved similar to xpsF mutant i.e. negligible production of cellulases and lipases ( Fig. 3.8 A, B , C, D, E, F). It is important to note that microarray expression analysis revealed upregulation of other secretion systems such as tat (twin-arginine transporters) in rpfF mutant of X. oryzae pv. oryzae which might be contributing towards secretion of type II effectors in a type II independent manner. In addition, leakiness through bacterial membrane due to membrane instability can also be held responsible for over-secretion phenotype of rpfF mutant (Sikora et al., 2007) .
To examine the contribution of DSF in retaining bacterial membrane integrity, plasmid harbouring an internal eGFP protein was transformed in wild-type and rpfF mutant of X. oryzae pv. oryzae. Western blot analysis with anti-GFP antibody revealed more intense and distinct GFP signal in the extracellular fraction of rpfF mutant compared to wild-type and rpfF mutant grown with externally added Atypical regulation of virulence-associated functions by a Diffusible Signal Factor in Xanthomonas oryzae pv. oryzae DSF (Fig. 3.9 A & B) . However, intensity of GFP signal in whole cell lysate fraction was similar in all the three strains of X. oryzae pv. oryzae (Fig. 3.9 A & B) .
Furthermore, rpfF mutant also exhibited sensitivity towards a number of membrane damaging agents including detergents such as Triton-X-100 and Sodium dodecyl sulphate (SDS) etc. (Fig. 3.9 C) . Role of DSF in secretion of extracellular enzymes either by stabilizing the bacterial membrane or regulating other secretion systems needs to be investigated further in detail. oryzaepv. oryzae. rpfF mutant and xpsF rpfF double mutant is deficient in DSF production which can be complemented by expressing the full length rpfF gene through plasmid in complemented strains. DSF production in these strains was detected through biosensor assay, 8523/KLN55biosensor strain was grown and 0.2% of the primary culture of 8523/KLN55 was allowed to grow with the DSF isolated from different strains. After 30 h of growth, the culture was checked for DSF production by measuring the GFP fluorescence. 1 DSF unit is equivalent to increase in fluorescence by 1 in DSF biosensor strain. PC-positive control, NC-negative control. Statistically significant difference in DSF units by t test for B, rpfF compared to wild type and rpfF/CG8, and xpsF rpfF compared to wild type, * indicates P value ≤ 0.05.
Fig. 3.8: Influence of rpfF mutation on the synthesis of TypeII effectors.
Representative plate picture of A) CMC-cellulose stained with congo redfor cellulas production assay, B) CaCl 2 and Tributyrin for lipase production assay by spotting different strains of X. oryzae pv. oryzae and, C) cellulase well assay by putting the culture supernatant from different X. oryzae pv. oryzae strains into the wells of CMCcellulose plate.1) WT, 2) rpfF/CG8 (rpfF mutant carrying complementing plasmid),
3) rpfF mutant, 4) xpsF mutant, 5) xpsF rpfF double mutant 6) xpsF rpfF/pHM1 (double mutant carrying complementing plasmid with full length rpfF gene). Halo zone around the colony indicates cellulase and lipase activity, respectively. D) Cellulase and E) Lipase activities in the culture supernatants of X. oryzae pv. oryzae strains grown to a density of 10 9 cells/ml in rich (PS) medium. Error bars represent SD of mean activity from three independent experiments (n= 3). Statistically significant difference in by t test for D, cellulase activity E, lipase activity in rpfF and xpsF rpfF double mutant compared to wild type and xpsF single mutant compared to wild type and rpfF/CG8, * indicates P value ≤ 0.05. Western blot analysis of proteins isolated from the culture supernatants of the wildtype/eGFP, rpfF/eGFP, and rpfF mutant/eGFP supplemented with external DSF, probed with polyclonal antibody against GFP; A) developed through alkaline phosphatase method and, B) developed through HRP based chemiluminescence method. Arrow indicating GFP signal (30 kDa) in extracellular fraction of different strains. C) Sensitivity assay of different X. oryzae pv. oryzae strains by dilution spotting on PSA plate with 0.1% Triton-X-100 and 0.01% SDS detergent (membrane damaging agent) and compared with the control plate with PSA only.
Discussion
Our study on Xanthomonas oryzae pv. , 1997; He et al., 2006b; Slater et al., 2000) whereas in our study on X. oryzae pv. oryzae, DSF seems to suppress the production of many type II effectors including cellulases, lipases, xylanases and cellobiosidases that effectively participate in virulence of these bacteria (Fig. 3.3 A, B, C, D, E, F; Fig. 3 .4, Table 1 .1) (Jha et al., 2005) . However, these type II effectors can act as double edged sword in triggering plant defense responses as their excessive production can lead to the induction of plant innate immunity, which may cause hindrance for successful colonization of these bacteria and pathogenesis inside host (Jha et al., 2005) . Additionally, majority of type II effectors are involved in degradation of cell-wall components, which subsequently lead to the release of nutrients for growth of bacteria inside host. Interestingly, findings on Xyllela fastidiosa, a xylem-limited pathogen, has suggested that excessive growth of bacteria can cause the blockage of xylem vessel which in turn constrain the nutrient flow and hence provide a major drawback for its growth (Chatterjee et al., 2008a) . In case of X. oryzae pv. oryzae, it can be deciphered that production of these type II effectors is suppressed at high cell density (i.e. at high DSF concentration) in order to restrict the Atypical regulation of virulence-associated functions by a Diffusible Signal Factor in Xanthomonas oryzae pv. oryzae growth of bacteria in biofilm to prevent the blockage of xylem vessels. Previous findings have proposed that during infection, flagella driven motility assists in spreading of the bacteria at different sites inside the host plants (Beattie and Lindow, 1995) . Moreover, flagella mediated chemotaxis towards various components of hydathodal exudates also plays a crucial role in establishing successful interaction with hosts (Vande Broek and Janssens, 1995; Finlay and Falkow, 1997) . Hence, flagella act as an important virulence factor for many pathogenic bacteria.
Interestingly, several components of X. oryzae pv. oryzae minimal and XOM2 media are also important constituents of xylem sap, which act as chemoattractant (Tsuge et al., 2002) . In our study, we have shown that DSF negatively regulates motility as well as several chemotaxis related genes such as cheW, cheY, and cheD ( Fig. 3 .1, Table   3 .1). This was further verified by a chemotaxis assay on plate, which indicated that X. oryzae pv. oryzae DSF deficient mutant is hyper attracted towards glutamate and xylose (two major components of xylem sap) (Rai et al., 2012) . DSF deficient mutants exhibited hypermotile phenotype on swim plate assays (Fig. 3.5A ), which suggests that DSF promotes transition from solitary to biofilm lifestyle by suppressing motility and chemotaxis related functions. Precisely, it can be deciphered that low cell density, which corresponds to low DSF level, may elicit flagella driven chemotaxis movement towards hydathodal opening for guided entry of bacteria inside the host. Although, at high cell density, DSF may promote biofilm formation by suppressing chemotaxis driven motility for stable colonization. This transition from planktonic phase to biofilm lifestyle and vice versa is very crucial for the pathogenesis of many bacteria, and often it is controlled by quorum sensing in important plant pathogens such as Xanthomonas and Xyllela (Chatterjee et al., 2008a; Dow, 2008; Dow et al., 2003) . Our study indicated that DSF deficient mutant of X. oryzae. (Das et al., 2009; Ray et al., 2002) . Our experimental assays indicated that DSF deficient mutants of X. oryzae pv. oryzae exhibit reduced ability to develop biofilm and attachment ( Fig. 3.6B ). On the basis of our studies on X. oryzae pv.
oryzae strains, we propose a model which will give a better understanding on the role of DSF-mediated signaling in pathogenesis of these bacteria (Fig. 3.10 ). At low cell density, which relates to low DSF levels, chemotaxis and motility associated genes are activated in these bacteria. Chemotaxis driven motility facilitates bacterial entry through hydathodal opening present at the tip of the leaf. Further, spreading of the bacteria inside host xylem tissues might be triggered by hypermotility at low DSF level. At this stage, type II effectors are secreted to hydrolyze the cell walls for release of the nutrients, which might support further growth of the bacteria inside host. On the other hand, at high cell density, which corresponds to high DSF level, promotes biofilm formation by activating the genes involved in synthesis of adhesins, and EPS. High DSF level might also suppress the overproduction of type II effectors to restrict the blockage of xylem vessel by overgrowing bacteria (Fig. 3.10 ).
Altogether, our study provides a glimpse of complexity in DSF-mediated signaling in closely related plant pathogens. The difference in the DSF-mediated regulation pattern might be an adaptive strategy, which is acquired by different Atypical regulation of virulence-associated functions by a Diffusible Signal Factor in Xanthomonas oryzae pv. oryzae detection of intracellular GFP protein in extracellular fraction of rpfF mutant and sensitivity of rpfF mutant towards certain detergents such as Triton-X-100 and SDS (Fig. 3.9 A, B, C) , gives an indication that DSF might be playing a role in stabilizing the cell membrane. Considering the fact that DSF is a fatty acid molecule, and membrane structure is composed of nonpolar lipids and fatty acids, it can be speculated that DSF is required for membrane integrity or DSF-mediated cell-cell signaling might be regulating the synthesis of important components of bacterial membrane. Further detail investigations are required in order to predict the involvement of DSF-mediated cell-cell signaling in stabilizing the bacterial membrane and/or regulating other secretion pathways. oryzae. Low DSF level, which corresponds to low cell density-promotes chemotaxis and motility, which facilitates entry of X. oryzae pv. oryzae in rice leaves through hydathodes. Flagella driven motility of X. oryzae pv. oryzae facilitates spreading of cells inside the rice xylem vessels (green block arrows). Type II effectors like cellulase, lipase, cellobiosidase and xylanase hydrolyze plant cell wall for the release of nutrients, and promote X. oryzae pv. oryzae growth inside xylem vessels (indicated by small black arrows). At high level, which corresponds to high cell density, DSF suppresses chemotaxis driven movement and promotes biofilm formation by the
